This study aimed to verify the characteristics of thermal stratification induced by direct contact condensation using a 1/20-scale suppression pool of the Fukushima Daiichi nuclear power plants. A blow-down nozzle was used to inject steam into the toroidal suppression pool. Vertical temperature profiles were measured by vertically aligned thermocouples at eight positions along the circumferential direction. Flow patterns in the suppression pool were obtained using particle image velocimetry (PIV). Vertical velocity profiles were obtained every 30 min. Results showed that thermal stratification was reproduced in the scaled-down suppression pool. PIV analysis showed that two primary flows existed in the suppression pool and that the interface between the moving part and the stationary part moved according to thermal stratification development. The flow patterns obtained in this study were compared with those of our previous study using a two dimensional suppression pool.
Introduction
In the Fukushima Daiichi nuclear power station (NPS) accident, loss of AC power occurred and all ultimate heat sinks were lost. Units 1 to 3 of the Fukushima NPS resulted in core melting and reactor vessel failure. However, it is considered that accident progression in units 2 and 3 was delayed since the reactor core isolation cooling (RCIC) system was actuated for about 2 days for unit 2 and for 1 day for unit 3. The RCIC system is driven by steam from the reactor vessel so that the RCIC system is operable, in principle, in case of accidents in which AC power is lost. Thus, the RCIC is one of the important means of water injection into the reactor vessel when severe accidents occur.
According to a Modular Accident Analysis Program (MAAP) analysis conducted by the Tokyo Electric Power Company, the increase of the analytical value of drywell pressure in unit 3 was smaller than that of the measured value. This is presumed to have arisen by thermal stratification in the suppression chamber, which might lead to degradation of condensation of steam exhausted from the RCIC turbine, in turn causing an increase in the drywell pressure. Considering the increase of the drywell pressure and suppression chamber pressure caused by thermal stratification in the suppression chamber, it is necessary to depressurize the containment vessel by means of the drywell or suppression chamber spray lest the containment vessel rupture. Thus, it is important to understand what mechanism induced the thermal stratification in the suppression chamber in unit 3.
To understand thermal stratification, it is necessary to understand the phenomenon of steam condensation. The process of condensation of steam into water is called direct contact condensation (DCC). Chan and Lee (1982) presented a regime map for DCC. They characterized it with two parameters: steam mass flux and pool temperature. Nariai (1987, 1991) classified oscillation phenomena into four regimes: internal chugging, small chugging, condensation oscillation, and bubbling. Liang and Griffith (1994) also investigated the condensation regime, especially the criteria for the onset of chugging. Petrovic-de With et al. (2007) presented a new regime map. They focused on the steam injection diameter and organized previous results of classified regime maps with three parameters: steam mass flux, pool subcooling temperature, and steam injection diameter.
Studies on thermal stratification were conducted using POOLEX tests (Li et al. 2010 and 2012) . These tests experimentally confirmed thermal stratification and GOTHIC analysis. Song et al. (2015) visualized water flow in a twodimensional pool when thermal stratification occurs owing to steam condensation. They focused on the balance of the buoyancy force and momentum around a steam injection pipe.
As introduced above, various experimental and numerical studies on DCC and thermal stratification have been performed. However, these used simple suppression chambers as the phenomena in a torus-shaped suppression pool of MARK-I type are not known well. Jo et al. (2014) observed thermal stratification in a scaled-down torus pool, but the flow pattern in the pool was not measured. To understand the behavior of drywell pressure in the Fukushima Daiichi NPS accident, it is important to investigate the mechanism and influence of thermal stratification and flow patterns in the torus-shaped suppression chamber.
In this study, a steam condensation experiment was conducted in order to verify the characteristics of thermal stratification using the scaled-down torus pool, which was also used by Jo et al. (2014) . The torus pool used has almost the same shape as the suppression chamber in the Fukushima Daiichi NPS units 2 and 3 (MARK-I), and is 1/20 the scale of the actual suppression chamber. The experiments were performed with a blow-down type steam injection pipe modeled after the RCIC turbine exhaust pipe in unit 2 and at a sub-atmospheric pressure condition. The thermal stratification phenomenon was investigated by vertically aligned thermocouples. Steam condensation was visualized using a highspeed camera through a window installed on the torus. According to the development and disappearance of thermal stratification, water flow patterns in the torus pool were measured by particle image velocimetry (PIV). These flow patterns were compared to the previous results obtained for a two-dimensional suppression pool (Song et al., 2015) .
Experimental Setup
Figure 1(A) shows the experimental setup for steam condensation in a suppression chamber. A 1/20-scale toroidal suppression pool (called a torus) modeled after the one in the Fukushima Daiichi NPS was used in this study. The major diameter of the torus was 1.5 m and the minor diameter was 0.4 m, as shown in Fig. 1(B) . The volume of the torus was approximately 600 L. Initially, the torus was filled with water to half of its volume. A buffer tank of about 800 L in volume was connected to the torus, taking into account that the actual suppression chamber in a nuclear power plant is also connected to the drywell. Thus, the total volume of the gas phase (air and steam vapor) of the entire experimental apparatus was about 1,100 L. Vacuum breakers were installed in the actual suppression chamber to prevent it from breaking. The actual containment vessel pressure at the beginning of the accident was basically determined by the suppression chamber pressure as long as the boundary of the pressure vessel was conserved, since steam released from a safety relief valve and exhausted from the RCIC system and the high-pressure coolant injection (HCPI) turbine is discharged into the suppression chamber. Thus, it is important to consider the drywell volume, and the tank was installed as a scaled-down drywell (buffer tank). A blow-down steam injection pipe was installed in the torus and the end of the pipe is submerged in water. Steam generated in a boiler was discharged through the pipe into water in the torus. Detailed dimensions of the torus and the steam pipe are shown in Fig. 1(B) . The temperature of the water was measured by vertically aligned thermocouples installed at eight locations, as shown in Fig. 1(C) . The channel numbers of the thermocouple arrays were TT1 to TT8, starting from the closest one on the right of the steam pipe and running in the counterclockwise direction. The height of the thermocouples for each channel is listed in Table 1 .
As shown in Fig. 1(A) , four observation windows were installed on the torus. One window was located in front of the steam pipe and all of the windows are placed at 90° increments in the circumferential direction. The condensation processes of steam bubbles were visualized by a high-speed camera (Photron, SA-X). Two halogen lamps were used as light sources. PIV measurements were performed at an observation window set apart by 90°, as shown in Fig. 1(C) , to examine flow patterns in the torus. A 532 nm continuous-wave laser was used to produce a laser sheet for the PIV measurements. A schematic diagram of the PIV setup is drawn in Fig. 1(D) . The laser sheet was formed underneath the torus using two hemi-cylindrical lenses and was illuminated onto the torus through a glass window on the bottom of the pool using a 45° mirror. The flow from 30 mm to 175 mm from the bottom of the torus was observed in this study. Instead of putting tracer particles into the torus, the micro-bubbles generated by steam condensation floating in the water were utilized as tracer particles. The recording speed of the high-speed camera was 2000-5000 frames per second (fps) for bubble condensation and 60 fps for the PIV measurement. The flow patterns in the suppression chamber were measured by the PIV technique as mention above and compared to those obtained in a two-dimensional slab-shaped pool by Song et al. (2015) . Based on our previous study, the experimental conditions in which the thermal stratification was clearly formed were chosen in this study. Table 2 shows the experimental conditions. The steam flow rate was 0.71 [kg/hr], which was 1.13 [kg/m 2 ·s] based on the inner diameter of the steam injection pipe. Figure 2 shows the time evolution of the pressure of the suppression chamber during the experiment. As shown in Fig. 2 , the direct contact condensation experiment was conducted under sub-atmospheric pressure conditions, which reduced the initial subcooling temperature. The experiment continued for 240 min at the uniform steam flow rate condition; however, from the 240th min onwards, the pressure of the suppression pool was intentionally decreased using a vacuum pump connected to the buffer tank. The depressurization aimed to examine the condensation characteristics of steam bubbles and flow patterns when thermal stratification disappeared. The pressure was manually decreased stepwise for 75 min and 5 min was waited in each step to obtain the stable steam injection. The initial pressure was about 15.0 [kPa], and the pressure prior to pressurization increased up to about 19.4 [kPa] . The final pressure was about 5.2 [kPa]. The bubble visualization and PIV measurements were conducted every 30 min for the normal operation stage, and at each step for the depressurization stage. Figure 3 shows the time evolution of temperatures measured by the channel TT1, which is the closest thermocouple array to the steam injection pipe. Thermal stratification occurred with the beginning of steam injection. All of the temperatures increased with steam injection after initial vigorous fluctuation because of the pressure difference between the torus and the boiler. A quarter of an hour later, thermal stratification developed in the suppression pool. As shown in Fig. 3 , the temperature increase rates at five locations were different. Temperatures at 150 and 200 mm increased drastically, but those at 10, 50, and 100 mm increased gradually. The temperatures at 150 and 200 mm were almost identical during the entire experiment. Similarly, TT1-10 and TT1-50 measured almost the same temperatures, but the temperature of TT1-10 was slightly lower than that of TT1-50. The temperature of TT1-100 was measured to be between those of TT1-50 and TT1-150. These temperature results were caused by the vertical position of the steam injection pipe, namely the vertical location where steam condensation occurred in the suppression pool. As shown in Fig. 1(B) the tip (outlet) of the steam injection pipe was placed at 130 mm from the bottom. The condensation mode during normal operation was the external chug with detached bubble (ECDB) according to the condensation regime map reported by Chan and Lee. As shown in Fig. 4 , bubble size was not large; that is, distances (heights) of steam bubbles extruded from the outlet of the steam injection pipe were not large, and were normally less than 10 mm. The actual height where condensation occurred was between 120 and 140 mm from the bottom. Moreover, the momentum of the steam bubbles was not strong enough to push down water near the steam injection pipe, and therefore the steam bubbles could not generate mixing flow in the suppression pool. It can be considered that a small mixing flow was induced by steam condensation. For these reasons, the temperature changed drastically between 150 and 50 mm. Because the condensation mode was not switched to other modes, the temperature increase rates were not changed during the normal operation of the experiment.
Results

Thermal Stratification
The thermal stratification was broken up by the depressurization of the torus. The temperature of the lower (thermally stratified) region started to increase quickly, and in that period the temperature of the upper region did not increase; rather, it decreased while the suppression pool was totally mixed. At the beginning (around 240 min) of the depressurization, the temperature reported at TT1-100 increased with relatively large fluctuations; at 280 min, TT1-50 temperature rose drastically; and finally, at 300 min, TT1-10 temperature also increased quickly. Figure 5 shows snapshots of steam bubbles at 255, 280, and 307 min. The subcooling temperature was reduced, so condensation did not effectively occur near the steam injection pipe. Hence, the large steam bubbles generated strong mixing and thermal stratification was dissipated quickly. Figure 6 shows vertical velocity profiles from 60 mm to 180 mm with vertical temperature profiles (obtained by channel TT3) before the pressure of the torus was manually decreased. After 30 min, thermal stratification was not yet well-developed. From 90 min to 240 min, however, it was determined that thermal stratification was developed by steam condensation. As shown in Fig. 6 , flow patterns in the circumferential direction changed with vertical temperature profiles (i.e., formation and development of thermal stratification). Moreover, several significant features were obtained in the PIV measurements. The first interesting feature is the opposite flow directions of the upper region and lower region. On the basis of the top view, the upper region flows in the counterclockwise direction and the lower region flows clockwise. These flow directions are attributed to two forces, buoyancy and momentum, given the physical condition of the torus. The steam condensation generates a flow upward near the steam injection pipe (e.g., near TT1) due to buoyancy. This flow then continues to move in a circumferential direction, either counterclockwise or clockwise. If the torus is not perfectly balanced, the direction of the water flow induced by steam condensation could be determined by the unbalanced condition. In this study, counterclockwise flow was observed for the upper region. The circumferential flow descends somewhere near the steam injection pipe (e.g., near TT8). Conversely, the momentum of the steam bubbles causes a downward flow near the steam injection pipe, and consequently, the clockwise flow was formed in the lower region corresponding to the flow in the upper region.
Flow Patterns
The second feature is the growth of the stationary region (lower part of the torus). At 30 min, the lowest PIV measurement position indicated non-zero velocity. From 90 min to 240 min, the stationary region was expanded toward the upper region. This is definitely related to the development of thermal stratification. The weak steam momentum in the condensation mode of the ECDB could not generate mixing, so the temperature of the upper region near the steam injection pipe was transferred by conduction and weak advection. Therefore, the temperature increases at TT1-10 and TT1-50 were relatively slower than temperature increases at other vertical locations. However, this stationary region in the lower part of the torus started to disappear with depressurization. Even at 300 min, the lowest measurement region had the highest velocity because of mixing flow induced by large bubbles. This feature may be caused by the change of the condensation mode. It was difficult to determine the transition to the different condensation modes through highspeed camera images. However, the largest bubble size increased with decrease of the subcooling temperature, as shown in Fig. 5 . Hence, the strong momentum caused the flow in the lower part of the torus. Song et al., (2015) focused on the balance between buoyancy and momentum, and discussed thermal stratification with changes in the flow field of the pool water and with movement of an interface which was defined as the boundary between the stationary part (lower region) and the moving part (upper region). Compared to the previous study, similar behavior was observed in the three-dimensional suppression chamber (torus). Song et al. (2015) classified the water flow patterns in the pool into three phases based on the relationship between the buoyancy force and the momentum force. When the momentum was stronger than the buoyancy, the pool water mixed via a single large circulation throughout the pool. In this phase, the interface of the flow was attached to the pool bottom and thermal stratification did not occur. When the momentum was comparable to the buoyancy, a counter-rotating circulation occurred in the upper region due to the upward and downward flows arising from the condensation interface. On the other hand, the pool water in the lower region did not flow. The interface of the flow came to detach from the pool bottom and gradually ascended. The pool water in the upper region had a temperature gradient. The pool water temperature at the lower region was almost uniform and was lower than that in the upper region. When the buoyancy was stronger than the momentum force, the pool water mixed via a single, smaller circulation above the interface. The interface kept ascending until thermal stratification started to disappear. After thermal stratification started to disappear, the interface descended.
Discussion 4.1 Velocity Profile Characteristics
In the present study, the interface ascended from 50 mm to 90 mm while thermal stratification was developing in the period from 30 min to 240 min, as shown in Fig. 6 . After depressurization, while thermal stratification was disappearing, the interface descended to 70 mm at 270 min and at 300 min did not exist above 50 mm, which was the lower limit of the observation window; that is, the interface existed between the pool bottom and 50 mm. Moreover, as mentioned in section 3.2, above the interface, the upper region flowed counterclockwise and the lower region flowed clockwise throughout the experiment. These behaviors are identical to the behavior in the phase where the buoyancy is stronger than the momentum, as classified by Song et al. In two-dimensional pool, rightward flow in the upper region changes flow direction at the wall and become leftward flow in the lower region. Provided that a wall of the two-dimensional pool can be extended to other wall such as the periodic boundary, the flow pattern in two-dimensional pool is consistent with that in the torus pool. Thus, a single circulation was obtained throughout the torus (three-dimensional suppression chamber) above the interface as affected by the buoyancy. The interface ascended while thermal stratification was developing and descended while thermal stratification was disappearing.
Relation between Velocity Profile and Temperature Profile
In order to understand the relation between the velocity profile and temperature profile, it is necessary to focus on the section with the maximum temperature difference in the vertical temperature profiles based on the vertical positions of the thermocouples. The maximum temperature difference was observed between 10 mm and 50 mm at 30 min, between 50 mm and 100 mm in the period from 90 min to 240 min, and between 10 mm and 50 mm at 300 min. These sections agree well with the interface (the boundary between the moving part and the stationary part) as mentioned in the previous section. Thus, it can be concluded that the thermally stratified region of the suppression chamber is determined by the change of the flow patterns (i.e., the vertical velocity profile).
Additionally, it was also obtained that the high temperature region was bounded up with the vertical position of the maximum velocity of the clockwise flow. Particularly, the lower limit of the high temperature region (upper part of the torus) was in good accordance with the maximum velocity line of the clockwise flow (plotted by blue dashed line). As shown in Fig. 6 , temperature differences between 150 mm and 100 mm were relatively small at 90 and 270 min; that is, temperatures at 100 and 150 mm were almost the same. At the same time, the vertical position at which the peak value of the velocity profile of clockwise flow was located was at 100 mm. On the other hand, the temperature differences between 150 mm and 100 mm were relatively large at 180 and 240 min. At those times, there was almost no flow at 100 mm (100 mm was close to the stationary part on the bottom of the torus). At 300 min, similarly, the uniform hightemperature region was bounded at 50 mm in height, and the peak velocity was located at the same vertical position (50 mm). The same tendency in the relation between the velocity profile and the temperature profile was also observed in the previous study by Song et al. (2015) . According to the relationship between the temperature profile and velocity profile, it is considered that a temperature boundary seems to be formed near the peak of the velocity profile in the clockwise flow so that temperature above the temperature boundary is uniformly high and temperature below the temperature boundary decreases with the vertical location. Thus, the temperature boundary also ascends, and thermal stratification is developed as the thickness of the two rotational flows (clockwise and counterclockwise) becomes narrow when the interface ascends.
Conclusions
In this study, a steam condensation experiment was conducted using a 1/20-scale suppression chamber modeled after the one in the Fukushima Daiichi NPS to verify the characteristics of thermal stratification. Thermal stratification was reproduced by steam condensation using a blow-down steam injection pipe. It was observed that the upper region of the suppression chamber flowed counterclockwise and the lower region flowed clockwise. Defining the boundary between the moving part (counterclockwise rotation and clockwise rotation) and the stationary part as the interface, the interface ascended and descended as thermal stratification was developed and disappeared, respectively. The vertical temperature profile was dependent on the velocity profile. The upper region, which had a uniform high-temperature profile, was located near the position with maximum velocity (in the clockwise rotational flow) similar to the experimental results in the two-dimensional chamber. Therefore, it was concluded that the flow patterns induced by DCC affected thermal stratification (i.e., the vertical temperature profile), and that these characteristics obtained from a three-dimensional suppression pool (torus) are consistent with results observed for a two-dimensional suppression chamber in our previous study (Song et al., 2015) .
